The motor vehicle is an important way of transportation for modern people, and its license plate is just like our identi¯cation cards which can be used for e®ective management of motor vehicles. Hence, the development of a recognition system for license plates can reduce the workload of managing motor vehicles. A license plate recognition system based on computer vision often causes recognition errors due to the plate's angle problem and thus needs to be assisted by manual recognition. In this study, a recovery method for license plate images with large angles is proposed based on perspective projection to increase the recognition accuracy. The experimental results show that applying the angle recovery method to a license plate recognition system can reduce its errors, especially for license plate images with large angles. For the case of small angles, a recognition rate of 89% can be achieved by the angle recovery method, slightly higher than that of the plane rotation method (86%). For the case of a wide range of di®erent angles, the average recognition rate achieved by the angle recovery method is 87.5%, much higher than that of the plane rotation method (57.5%). Thus, the angle recovery method is e®ective for enhancing the accuracy of license plate recognition systems.
Introduction
In recent years, the use of motor vehicles for business and transportation increases annually. According to the Monthly Bulletin of Statistics 19 issued by the Ministry of Transportation and Communications, Taiwan, the number of vehicles in Taiwan in 2010 had exceeded 20 million, of which motorcycles account for 14 million and automobiles account for 6.8 million. The rapid increase of vehicles has led to many tra±c accidents. In 2009, 184 749 tra±c accidents occurred in Taiwan and most of them were car accidents, car thefts, exceeding speed limits, drunk driving, and so on. Banning these violations relies largely on the police, and some cases can be assisted by technological products such as intersection monitors and speed detectors. The aforementioned banning methods are mostly relied on the recognition of license plate numbers. Therefore, using modern technologies to identify license plate numbers can signi¯cantly reduce the labor and cost in banning the violations of tra±c rules.
In general, the detection systems for vehicle violations fall into the following three categories: the Global Positioning System (GPS), Radio Frequency Identi¯cation (RFID) license plate tracking systems, and license plate recognition systems based on computer vision (CV). The GPS can be used to locate a vehicle's position, but it has to be installed in the vehicle, not only increasing the cost but also limited to outdoor usage. The RFID license plate tracking system can be used to obtain the relevant information to vehicles. It has high accuracy and can be used indoors, but its disadvantage is that the system must be installed in the vehicle and many RFID readers need to be deployed.
In recent years, the CV technology has advanced rapidly while the application of monitors is more and more popular. At present, many vehicles have installed driving recorders, which are helpful for the recovery of accident sites. A license plate recognition system based on CV obtains the license plate area from the vehicle image taken by a camera. The recognized license plate numbers are sent to the database for inquiry to see if any tra±c violations have been recorded. Besides, it can be applied to road tra±c control, parking lot management and the detection of vehicles causing accidents. Although the recognition rate of a CV-based license plate recognition system could also be a®ected by environmental factors, it is inexpensive and safe and does not require additional equipment for installation. Therefore, this study is focused on the CV technique to enhance the accuracy of license plate recognition systems.
Usually, a CV-based license plate recognition system includes three main parts: license plate detection, character cutting and character recognition. Therefore, the original vehicle image has to be processed to obtain data for the following steps, and license plate detection is to locate the plate area in the original vehicle image. Most license plates have a¯xed format, so one can easily locate the license plate area by following this format. For example, vehicle license plates have multi-edge properties, which can be used to identify the possible plate area. Lee et al. 16 detected the information around the edges of the license plate area by using the connected component labeling method. They put di®erent labels on the edges to locate the possible plate area according to the ratio of length and width from the candidate region. The located region was transformed into a binary image to determine if it is the plate area according to the percentages of black and white areas in the license plate image. Heo et al. 7 extracted license plate regions by using a double-chance algorithm including the line grouping and edge density methods, and a high success rate could be achieved after verifying with real-life database.
Liou
17 used an adaptive fuzzy inference system to classify plate images by colors, and then located the license plate area according to the color edges. After obtaining the license plate area from the vehicle image, it was converted into a binary image with black characters in white background for recognizing characters using the template matching method. Guo and Liu 6 also used color information to improve the e±ciency of detection where the histogram equalization was employed to solve the low-contrast and dynamic-range problems to achieve better results. In addition, the texture properties of aspect ratio and color similarity were used to locate the license plate, and the Hough transform was adopted to correct the rotation problem. Saha et al. 21 used a neural network for detecting license plate images, and it conducted back-propagation training based on the features of English alphabet to increase the recognition rate. Lalonde et al.
14 detected the horizontal and vertical edge information of a license plate image¯rst, and masked the possible area for the computation of Hausdor® distance. The candidate areas were compared with the standard templates to locate the possible edges of the license plate image.
Usually, a license plate image is cut into separate character areas for recognition. A simple and e±cient method called projection method was proposed by Zhang and Zhang 27 for character segmentation using the Hough transformation and prior knowledge in horizontal and vertical segmentation. The same approach was adopted by Jia et al. 11 and Zhang et al. 26 to improve the degraded license plate images under complex conditions. Lu 18 developed a recognition method without character cutting and it performed Laplacian binarization on the license plate image to locate character blocks by the connected component labeling method. The character blocks were transformed into stroke representation for normalization, and then compared with standard templates for recognizing license plate numbers.
Chiu and Liou 5 and Chen 3 used the horizontal and vertical projection methods for character cutting by accumulating the pixels along the horizontal and vertical lines to identify the character areas; however, the characters might not be correctly cut if the license plate image is askew or rotated by an angle. Chen 2 conducted binarization on a license plate image after it was detected, and then located character areas with the connected component labeling method. The area of each character is located by its block size for e®ective character cutting; however, cutting errors may occur if the connected situation (e.g., sticker or dirt between two characters) exists on the license plate. Ho 8 used the boundary cutting method to determine two starting points, which were extended in the directions of up, upright, down, downright and right to locate the boundary. The character areas were then located with the connected component labeling method for the identi¯cation of license plate numbers.
The step of character recognition is to recognize license plate characters from the cut images, and the commonly used methods include: template matching, neural network, support vector machine, stroke analytic method, contour feature extraction, line structure analysis, geometric characteristic, and so on. Huang 9 transformed license plate images with nonrecursive discrete periodic wavelets to obtain the¯rst three order coe±cients. After simpli¯cation, the data were trained and tested by a neural network and¯nally recon¯rmed by some simple classi¯ers to compare with similar license characters. Huang 10 used the character structure recognition method to divide the license plate image into seven areas. After classifying the areas based on their character features, the characters were¯nally recognized with the template matching method. Chen 4 used the horizontal and vertical projection methods for character cutting, and the recognition of license plate characters was done by the back-propagation neural network method. Wang 23 detected the pixels needed for a partial area of characters by comparing it with character templates, and obtained similar areas with the template matching method to recognize the license plate numbers from left to right sequentially.
A CV-based license plate recognition system often causes recognition errors due to the plate's angle problem and thus needs to be assisted by manual recognition. The reasons causing the angle problem are mainly divided into three categories: the rotation angle of camera (left and right) when facing the license plate, the tilt angle of camera (up and down) when facing the license plate, and the tilt angle of the license plate itself. Lu 18 used the connected component labeling method to compute two characters at the far left and far right positions in the license plate and their horizontal angle, which was used for correction by conducting rotation and translation. Chen 2¯r st expanded the license plate characters into ellipses to compute their center positions, and then used these points to compute the angle between the vertical axis and horizontal axis of the plate image. A rotating operation was conducted to restore the plate image back to the upright position. Regarding the angle problem caused by the height of camera, he also computed the tilt angle after projection based on the principle of camera imaging and corrected it by conducting a rotating operation. Wang 23 used the outline analysis method to obtain the tilt angle and corrected it with a rotating operation. Lai 13 used the length of two vertical lines to obtain the rotation angle and then used a rotating operation to correct it. Most studies corrected vertical or horizontal angle by using two rotating operations separately and thus the results may not be very accurate. This study proposed a complete angle recovery method based on perspective projection, and it can recover both tilt and rotation angles at the same time to increase the accuracy of license plate recognition systems.
In recent years, a lot of research on license plate recognition has been surveyed by Anagnostopoulos et al.
1 to enhance the accuracy. Khader et al. 12 proposed a low cost license plate recognition system with three sets of feature vectors and template matching to form the modules of license plate localization and recognition. In spite of the negative impact of shadows, cracks, dirt, and character separations, the system showed a high recognition rate of 93%. Wen et al. 24 proposed a license plate recognition system with preprocessing, location, character segmentation and character recognition to enhance its accuracy. The system adopted an image graying and binarization technology for preprocessing, the Sobel edge detection for license plate location, and a back-propagation neural network for character recognition. Experimental results showed the system could achieve a high recognition rate of 94%.
Sedighia and Vafadust 22 proposed a fast method for segmentation and recognition of characters in license plate images by using a Gaussian low-pass¯lter and the Laplace transform. The characters were segmented by a set of relative features and two feed-forward neural networks with back-propagation learning method for character recognition. Their experimental results con¯rmed its robustness against severe imaging conditions. Lazrus and Choubey 15 designed a system to recognize vehicle license plate under poor environmental conditions by using the neural network method. The license plate image was extracted by¯nding its edges and the Sobel¯lter was used for smoothing image to reduce the number of connected components. After that, the black and white labeling algorithm was used to calculate the connected components for the detection of each single character. It was reported that a higher accuracy than traditional methods was achieved by optimizing various parameters in their system.
Usually, a license plate recognition system can achieve a recognition rate higher than 80%, and the errors of recognition are mostly caused by obstruction, aging and dirty license plates, large angles and environmental light. The¯rst two factors cannot be remedied by image processing techniques, so this study is focused on the solution to license plate images with large angles. Some studies developed the plane rotation methods for angle recovery to reduce recognition errors, but they could not completely restore the license plate images especially when the angle is large. The image of a license plate contains the information of its original 3D angles. Therefore, this study proposed an angle recovery method based on perspective projection for license plate recognition systems to enhance their accuracy. In the following, the derivation of the angle recovery method is described¯rst, followed by the major steps of license plate recognition used in this study, i.e., license plate detection, color space conversion, character cutting and character recognition. The performance of the angle recovery method is evaluated by comparing with that of the plane rotation method to show their recognition rates in several experiments.
Research Methods
As mentioned earlier, license plate images with large angles form the major reason causing the errors of a license plate recognition system. Many studies focused on the rotation angle problem, but they seldom worked on the tilt angle problem. The angle recovery method proposed in this study can recover the rotation and tilt angles of a license plate at the same time to increase the recognition rate. The procedure for its application includes: locating license plate image for angle recovery by using the formula derived in this study, performing color space conversion for the license plate image, conducting character cutting with the horizontal and vertical projection methods, and¯nally recognizing license plate characters with the template matching method to output the license plate numbers.
Angle recovery
The angle recovery method proposed in this study is based on perspective projection, 20 which is often used to project a computer-generated object in the 3D space to the 2D space for the simulation of human visual e®ect. This study uses perspective projection to compute the angles and position of the original license plate in the 3D space. The equations derived in the following are used to obtain the information needed for recovering the angles of the license plate back to the upright position.
In Fig. 1 , the point P ðx; y; zÞ in the 3D space is projected to P 0 ðx 0 ; y 0 Þ in the 2D space with perspective projection. Given that Z v is the observation point, the values of x 0 and y 0 can be computed by Eq. (1) from the relationship of similar triangles as shown in Fig. 1 .
In Fig. 2 , it is assumed that the black (front) rectangle containing the point P is the original license plate. The image produced by a camera is the projection of an object from the 3D space to the image in the 2D space. The blue (rear) rectangle containing the point P 0 is the license plate rotated by an angle before taking the picture (or projection). In Fig. 3 , the red (larger) quadrilateral containing the point P 00 is the image projected to the 2D space by taking a picture of the rotated license plate (the smaller rectangle). Accordingly, the point P 0 ðx 0 ; y 0 ; z 0 Þ on the blue rectangle can be obtained if the point P ðx; y; zÞ on the black rectangle in Fig. 2 is rotated by an angle along the Y -axis. The point P 00 ðx 00 ; y 00 Þ on the red quadrilateral in Fig. 3 can also be obtained by mapping P 0 to the XY plane with perspective projection. The point P 0 ðx 0 ; y 0 ; z 0 Þ ¼ ðx cos þ z sin ; y; Àx sin þ z cos Þ can be obtained by rotating the point P ðx; y; zÞ around the Y -axis by the angle . The point P 00 ðx 00 ; y 00 Þ ¼ ðx 0 =ð1 À z 0 =ZvÞ; y 0 =ð1 À z 0 =ZvÞÞ can be obtained by mapping P 0 to the XY plane with perspective projection. To simplify the equation, it is assumed that the original license plate is on the XY plane such that the value of z is 0 for the point P ðx; y; zÞ. Therefore, the point P 0 can be simpli¯ed as (x cos ; y; Àx sin ). Substituting the values of x 0 , y 0 and z 0 in P 00 ðx 00 ; y 00 Þ by x cos , y and Àx sin , we can obtain the following two equations:
Rearranging Eq. (3) by taking out Z v , we can obtain the following equation:
Substituting Eq. (4) into Eq. (2), we can obtain the following equation:
cos ¼ x 00 y xy 00 or ¼ cos Substituting Eq. (5) into Eqs. (2) and (3), we can obtain the following two equations:
From the above two equations, we can use the point P 00 to trace back to the point P on the original license plate. More precisely, the red quadrilateral in Fig. 3 can be transformed into the original black rectangle in Fig. 2 . Regarding the unknown parameter (x; y) in Eqs. (4) and (5), we can use the height of the license plate image as y, and obtain x according to the ratio of length to width for the license plate itself. In this way, we can obtain all unknown parameters required for conducting the angle recovery.
To verify the accuracy of the angle recovery method, this study generates 100 images by using a real license plate image to simulate di®erent angles. These images were recovered to the upright position correctly using the angle recovery method. Taking the images in Fig. 4 for example, the image of the original license plate with a rotation angle of 50 (Fig. 4(a) ) can be recovered to a clear upright image (Fig. 4(b) ) using the above equations. The accuracy for this simulated experiment is 90%, and most license plate images can be recognized when the angle is smaller than 80 .
License plate detection
License plate detection is to identify the region of license plate in a vehicle image, and it can be done according to the features of license plates, for example, boundary edges and the percentage of black pixels in the license plate area. This study used Lu's 18 method to perform license plate detection (Fig. 5) , in which the vehicle image is processed to reduce the color information and then transformed into a gray-level image for edge detection¯rst. The information around the edges of the plate area is detected by using the connected component labeling method. To determine if two points are connected, it is required to verify that these two points are within neighborhood according to certain information, for example, within 4-connected or 8-connected neighborhood and having the same gray level (Fig. 6 ). For each detected block, the ratio of width and height is computed¯rst to¯nd the candidate blocks, and then the percentage of black pixels in the candidate block is computed where only the ratio of black pixels within 30 $ 40% is selected for Taiwanese license plates.
Color space conversion
Color space conversion is a mapping of real color information for processing by computers. After that, the images are presented by a set of fewer colors on the screen. A di®erent color space may have di®erent e®ectiveness according to its application. In Taiwan, there are¯ve colors (black, white, red, green and yellow) on the license plates of automobiles and motorcycles. This study used the following threshold function to convert the colors of a license plate image into the¯ve colors mentioned above plus the blue one to decrease the amount of data for processing to reduce recognition errors caused by environmental light. This study adopts the HSV color space conversion for the threshold function of the original image because the color space is less a®ected by the change of environmental light. In the HSV color space, H (Hue) means color basic features, S (Saturation) color saturation, and V (value) color intensity. HSV is a nonlinear transformation, where the conversion equation for Hue is as follows:
In Eq. (8), Max ¼ MaxðR; G; BÞ, Min ¼ MinðR; G; BÞ, and R, G, B are the values of red, green and blue. After the threshold processing in the HSV color space (Fig. 7) , this study records the¯ve colors appeared in the license plate image and retains the colors with the largest and the second largest numbers of pixels. The remaining colors are then converted to the color with the most pixels. The most-appeared color is converted to white, and the second one is converted to black. In this way, the license plate image becomes a binary image which can be used for further processing.
Character cutting
The step of character cutting is to locate the character areas in the license plate image for easy recognition. In this study, it is done by the horizontal and vertical projection methods. Horizontal projection is to accumulate the pixel values of all points in horizontal lines, and vertical projection is to accumulate the pixel values of all points in vertical lines, both in the license plate image. For a license plate image containing m Â n pixels, Iðx; yÞ is the pixel value at the position (x; y); HðiÞ is the horizontal projection of the ith horizontal line; V ðjÞ is the vertical projection of the jth vertical line. The equations for horizontal projection and vertical projection are denoted as follow: 
When performing character cutting, the horizontal projection for a license plate image is computed¯rst to record the horizontal position of the characters in the image. This study uses two lines with the smallest value of horizontal projection and closest to the center as the upper and lower boundaries for character areas. In Fig. 8 , the red line is the upper boundary and blue line is the lower boundary.
After setting the upper and lower boundaries, vertical projection is performed within the upper and lower boundaries to locate the boundaries for character areas. The idea of character cutting is to identify the vertical lines with zero value in vertical projection, and it is done line by line and from left to right. A character area starts with a vertical line for which the value of vertical projection is bigger than 0 and ends with the next line with zero value; the interval between these two lines is a possible character area (Fig. 9 ). After that, the size of this interval is computed to see if it is larger than the threshold value of a character area. The total projection value in this interval is also computed to see if it is larger than the threshold value of a character. If both exceed threshold values, this interval is regarded as a license plate character interval. When locating the dash (-) in the license plate numbers, the minimum interval is regarded as the position where the dash is located. 
Character recognition
The step of character recognition is mainly to identify the plate numbers from the character images obtained in the previous step (character cutting). This study uses the template matching method proposed by Wen 17 to identify the character image by comparing it with all template images to¯nd out the most similar template. This study uses the following method to compute the similarity between the character image and template image. It is assumed that there are n templates, I xy is the pixel value of the character image in the xth column and the yth row, T xyn is the pixel value of the nth template in the xth column and the yth row, and C n stands for the similarity between these two and its value is between À1 and 1. A smaller C n means two images are less similar; a larger C n means two images are more similar. Therefore, when C n is very close to 1, we can infer that the number in the character image is the same as that in the template image. The equation for computing the relevant coe±cient C n is shown below:
In Eq. (11), A is the area of character image and A n is the area of the nth template. This study creates 36 templates for the license plate characters 0 $ 9 and A $ Z, which are normalized to the same size as the character images. Then, Eq. (11) is used to compute the value of C n and the one with the largest value is selected as the recognition result. Since the shapes of some characters are similar, it requires further recognition, e.g. 0 and D can be distinguished by judging the pixel value at the corner, F and P at upper right, B and E at upper and lower right; M and N as well as H, S, 6, 8 and 9 can all be identi¯ed by the same way to increase the accuracy of recognition.
Experimental Results
This study conducted some experiments to see if the angle recovery method can enhance the recognition rate of license plate images. 500 license plate images were obtained by taking pictures of vehicles from di®erent angles in the parking lots of a university at Hsinchu, Taiwan (Fig. 10) . Following the steps of locating license plate images, angle recovery, color space conversion, character cutting, and recognition, this study conducted four experiments as described below:
. Computing the recognition rate of front license plate images (without angle recovery) . Computing the recognition rate of license plate images with small angles (without angle recovery) . Comparing the recognition rate for license plate images with small angles using the angle recovery method and plane rotation method . Comparing the recognition rate for license plate images with a wide range of di®erent angles using the angle recovery method and the plane rotation method
Experiment 1
This experiment obtained 50 front license plate images (without rotation angles), and used the license plate recognition system to identify them without angle recovery. The results show 92% license plate recognition rate with four image recognition errors and 95% license plate character recognition rate with 15 character recognition errors. This study further analyzed the license plate recognition errors and discovered that the errors were mainly caused by sunshine and leave shadows (Fig. 11 ).
Experiment 2
This experiment obtained 50 license plate images without rotation angles and 50 license plate images with small angles, and used the license plate recognition system to identify them without angle recovery. The results show 46% license plate recognition rate with 54 license plate recognition errors and 53.5% character recognition rate with 315 character recognition errors. In addition to the errors caused by the factor of environmental light, the remaining errors were mainly caused by the license plate images with small angles. Because the system failed to locate the upper and lower boundaries of license plate images (Fig. 12) , it could not function correctly in the steps of character cutting and recognition.
Experiment 3
This experiment obtained 50 license plate images without rotation angles and 50 images with small angles, and used the angle recovery and plane rotation methods before performing the steps of character cutting and recognition. For the angle recovery method, the license plate recognition rate is 89% with 11 license plate recognition errors and the character recognition rate is 95.5% with 27 character recognition errors. For the plane rotation method, the license plate recognition rate is 86% with 14 recognition errors and the character recognition rate is 94.7% with 32 character recognition errors. Considering the license plate images with small angles only, the license plate recognition rate is 86% with seven license plate recognition errors and the character recognition rate is 95% with 12 character recognition errors if the angle recovery method was applied. When the plane rotation method was used, the license plate recognition rate is 80% with 10 license plate recognition errors and the character recognition rate is 94.4% with 17 character recognition errors. The reasons of recognition errors in this experiment were mainly caused by template matching errors (Fig. 13 ) and environmental light (Fig. 11) . According to the previous three experiments, the angle recovery method can e®ectively increase the recognition rate of license plate images. For the case of small angles, the recognition rate by the angle recovery method is slightly higher than that of the plane rotation method.
Experiment 4
This experiment used 200 license plate images with a wide range of di®erent angles, and used the angle recovery and plane rotation methods before performing the steps of character cutting and recognition. The recognition rates for the angle recovery method and the plane rotation method are compared according to the rotation angles of license plate images. As we can see in Fig. 14, the recognition rate is above 80% for the angle recovery method when the angle is smaller than 50 . However, the recognition rate for the plane rotation method decreases quickly when the angle of license plate is larger than 20 , and it is lower than 40% when the angle of license plate is larger than 50 . Generally speaking, the average recognition rate is 87.5% by using the angle recovery method and 57.5% by using the plane rotation method. Therefore, the angle recovery method can e®ectively enhance the recognition rate of license plate images, especially for the case of large angles.
Conclusion
A large angle of license plate images is the major reason causing recognition errors. This study proposed the angle recovery method based on perspective projection to enhance the accuracy of license plate recognition systems. In practice, this study locates the license plate area¯rst to perform angle recovery, and then conducts color space conversion to convert it into a binary image. After cutting character areas with horizontal and vertical projection methods, this study recognizes license plate characters using the template matching method. According to the experimental 
